Abstract-Fully printed low-voltage programmable resistive write-once-read-many (WORM) memory on a flexible substrate is investigated. The memory concept is demonstrated using inkjet-printed silver nanoparticle structures on a photopaper. The initial high-resistance state "0" is written into the low-resistance state "1" using rapid electrical sintering. A key advantage is low writing power and energy. The long-term stability of the initial nonsintered state is found to require special attention to obtain a sufficient shelf storage time. The memory design offers potential for high-throughput roll-to-roll production.
processing methods and/or with substrates having a low temperature tolerance.
In this paper, we report a printed resistive low-voltage WORM memory device on a flexible substrate. The WORM memory concept is demonstrated here using inkjet-printed silver nanoparticle structures on a photopaper. As a materialsaving additive digital fabrication method capable of producing relatively small linewidths, inkjet printing has proven to be useful in fabrication of various devices that are extensively covered in a recent review [20] . In addition, inkjet printing also provides a fast way of low-cost laboratory-scale prototyping of devices, which is also utilized in this paper. The memory operation is based on rapid electrical sintering (RES) [21] , [22] of metallic nanoparticle structures. After printing and drying, the metallic nanoparticles remain poorly connected, and only a limited conductivity arises due to interparticle tunneling and/or a leaky binder material between the particles. The nonvanishing conductivity, however, allows power absorption, and the structure can be effectively sintered into a well-conducting state using RES [21] , [22] . The two-state WORM memory thus arises between the unwritten high-resistance "0" state and the written low-resistance "1" state. A key advantage of the memory concept is low writing power and energy. The longterm stability of the initial nonsintered state is found to be a critical aspect for the storage time (shelf time) before use. We show that the applied commercially available silver nanoparticle inks are prone to "self-sintering." Relative humidity, in addition to storage temperature, is found to strongly influence the resistance decay of the unwritten state.
The memory readout can, at simplest, be done by direct physical contacting and resistance measurement of the bits. A fully printed design with printed electrodes is demonstrated for this purpose. The WORM memory devices can be envisioned to be applied, for instance, as low-cost electrically programmable access passes, as event-loggers to store sensor information, or as memory elements of RF identification tags. The memory design shows basic feasibility for upscaling for high-throughput roll-to-roll (R2R) production and noninkjet printing.
II. EXPERIMENTAL
Two different commercially available silver nanoparticle inks of Advanced Nano Products Co. Ltd. were used in the fabrication of the memory devices: Silverjet DGP-45-LT-15C (denoted DGP from hereon) and Silverjet DGH-55-HTG (denoted DGH from hereon). The inks contain 40.4 and 59.6 wt.% of silver nanoparticles and have specified sintering temperatures of 150
• C and 350
• C, respectively, as given by the manufacturer.
0018-9383/$26.00 © 2010 IEEE In DGP, the encapsulated Ag nanoparticles are dispersed in triethylene glycol monoethyl ether and in DGH in n-tetradecane solvent. The average diameters of the Ag nanoparticles, which are measured with a high-resolution scanning electron microscope (SEM) (LEO Supra 35 Field Emission SEM), are 40-50 nm (DGP) and 8-12 nm (DGH). All the test structures were printed at room temperature on a Siena 250G photopaper substrate using a piezoelectric inkjet printer (Autodrop, Microdrop Technologies GmbH, Norderstedt, Germany) with dispenser heads (model MD-K-140) with different nozzle sizes from 40 to 50 μm. Optimum printing parameters (voltage, pulse length, pulse frequency, and dot spacing) were adjusted for both inks separately to obtain a stable droplet jet. No substrate treatment was performed on the substrates. The substrate has a maximum temperature tolerance of approximately 120
• C, after which the coated surface starts to degrade. On the selected photopaper substrate, the printed tracks are typically dry-to-touch after a few hours of exposure to ambient air and exhibit electrical conductivity without any active drying (e.g., for DGP on the order of 10 kΩ/sq [21] ). The spreading of the silver inks on the substrate surface was less than 20% of the droplet width due to the porous substrate coating that absorbs the ink solvents readily.
The printing results were monitored using a standard optical microscope, and the profiles of the structures were measured using a tapping-mode atomic force microscope (AFM; Nanoscope III, Veeco Instruments, Santa Barbara, CA). All the printed tracks were approximately 1 μm in height. Bit writing by RES was done by using a standard computer-controlled dc voltage supply. The setup consisted of the voltage supply U dc , a rheostat R s , and the bit R bit (contacted with tungsten probes) connected in series. The resistance of the bit R bit was calculated from the measured voltage drop over the known rheostat resistance. The rapid transition phase of the bit writing process was recorded with a digital oscilloscope (Tektronix DPO 4104).
III. RESULTS
Two different WORM memory geometries were studied. The first type, as shown in Fig. 1(a) (denoted Type 1 from hereon), was simply a rectangular track contacted using tungsten probes at the endpoints. The second type, as shown in Fig. 1 (b) (denoted Type 2 from hereon), contains printed and sintered bottom contact electrodes in addition to the bit. Type 2 is developed to reduce the physical size of the memory bit in order to minimize both the usage of the bit ink and the electrical power needed to write the memory content. 
A. Bit Writing by RES
The memory operation is based on the dc RES method [21] , [22] , but we note that an ac voltage could be used as well. In the dc RES method, a dc voltage is applied over the nanoparticle structure, and the resulting current flowing through the structure induces local heating by dissipation. Initially, the current flows through the structure due to interparticle tunneling and/or through a leaky encapsulation of the particles. As the temperature of the structure increases due to Joule heating, the resistance decreases. Consequently, strong positive feedback induced by the constant-voltage boundary condition makes the process fast and enables the use of substrates with a very low thermal tolerance. By controlling the current through the device, for example, using a series resistor, one can program a desired final conductivity. Fig. 2 shows the typical measured characteristics of the bit writing process. The bit writing time t write is defined here as the time between switching on the writing voltage U dc and the point where the power peaks and the transition from low conductance to high conductance has occurred. The dissipated power P bit in the bit can be written as
where R bit is the resistance of the WORM bit, R s is the series resistance, and U dc is the applied writing dc voltage.
The energy dissipated in the bit E write during the write time t write (defined as above) can be further written as
where the power dissipated in the series resistor R s is ignored because R bit R s before the transition. Time zero corresponds to the time when the writing voltage is switched on.
From the characteristics of the transition recorded using a digital oscilloscope, as shown in Fig. 2 , we see that the transition is fast, usually lasting less than a few tens of microseconds, whereas the pretransition phase lasts more than a few milliseconds. Therefore, although the dissipated power strongly peaks at the transition, the energy consumed at the transition is at least an order of magnitude smaller than the energy consumed during the long pretransition phase. Thus, the approximation in (2) is justified.
B. Type-1 WORM Geometry 1) Sample Fabrication: For Type-1 WORM geometry, the bits were printed with three parallel passes of the printing head using a nozzle size of 40 μm (typical printing parameters: 170-178 V, pulse length of 43-50 μm, frequency of 100 Hz, and dot spacing of 50 μm), W = 130 μm wide tracks of different lengths of L = 200 μm, L = 400 μm, L = 600 μm, and L = 800 μm. The total sample set consisted of 20 tracks of each length. As the initial resistance level can be controllably lowered using a mild thermal treatment, we have performed such pretreatment steps to investigate how this affects the writing process. Thus, half of the tracks were used as such, and the other half were thermally presintered on a hot plate. The pretreatment was done by first heating the samples for 10 min at 80
• C, and the resistance of the samples was then measured. As the resistance was considered too high to enable low-voltage sintering, an additional pretreatment for 10 min at 95
• C was performed.
The average initial bit resistance R bit,ini with standard deviation for each of the different sample sets of Type-1 WORM devices is shown in Fig. 3 . As the bit length L diminishes, R bit,ini decreases, and its standard deviation increases, as shown in Fig. 3 . In the longer tracks, the statistical variation in the internal track structure averages out more than in the shorter tracks. Thermal presintering decreases the initial bit resistance. The magnitude of the decrease is an inverse function of length: for the 200-μm-long samples, the initial bit resistance decrease was more than by a factor of 100, whereas for the 800-μm-long samples, the initial bit resistance decrease was more than by only a factor of 4.
To facilitate a reliable bit readout, a minimum ratio of R bit,ini /R bit,final = 100 was required for the resistances between the "0" and "1" states. For a given unwritten state resistance R bit,ini , this requirement thus determines the upper resistance limit of R bit,final . The upper limit of R bit,ini is, on the other hand, dictated by the requirements for the short-enough writing time and low-enough voltage, as illustrated in Fig. 4 and discussed in more detail below. From the prepared batch, the samples with an initial resistance of 1 kΩ < R bit,ini < 20 kΩ were selected for the bit writing tests. The sheet resistance of Type-1 WORM devices after printing can be calculated to be around 6 kΩ/sq. The dashed line in Fig. 3 shows a typical resistance of the written state, i.e., R bit,final = 5 Ω.
2) Bit Writing Characteristics: The bit writing time t write depends on the applied power density P write /V , where V denotes the track volume. Fig. 4 shows the bit writing time as a function of writing power density for different sample sets. Increasing the power density linearly lowers the writing time on a logarithmic scale, as shown in Fig. 4 . This decrease in writing time can be quantitatively predicted based on the heat transfer dynamics in the sintering process [23] . For small writing times (t write < 100 ms), the dominant source of heat leakage is shown to be conduction to the substrate and to the probes, whereas convection to the air and radiation can be ignored [23] . The minimum writing time was limited by the finite time needed for the voltage supply to reach its maximum value [typically approximately 1 ms, as shown in Fig. 5(a) ].
Increasing the power density can be done by either increasing the writing voltage, lowering the initial bit resistance by thermal presintering, or decreasing the bit size. For example, the length of L = 400 μm gave an initial resistance of R bit,ini = 17 ± 2 kΩ (N = 5), which could be written with U dc = 10 V and R s = 38 Ω in t write = 350 ± 280 ms. When the writing voltage was increased to U dc = 12 V, a similar set of samples with R bit,ini = 18 ± 1 kΩ could be written faster with a duration of t write = 52 ± 13 ms.
To demonstrate the effect of the initial resistance, thermal presintering of samples with a length of L = 400 μm lowered the initial bit resistance to R bit,ini = 1.0 ± 0.2 kΩ and enabled fast writing in t write = 40 ± 20 ms with a low voltage U dc = 3 V. However, writing at a voltage considerably below 3 V was not successful and required either shorter bits (L < 200 μm) or adequate thermal presintering, both of which would increase the statistical variations and worsen the resistance ratio between the "0" and "1" states. Therefore, to reach smaller writing voltages, a different bit geometry (Type 2, see below) was developed.
To compare the different device geometries, energy density is calculated by normalizing the energy consumed during the pretransition phase (2) by the bit physical volume V . For the samples in Fig. 4 , we find that heat leakage dominates the energy density. The inset in Fig. 4 shows the writing time t write as a function of energy density E write /V . As the figure indicates, the longer the t write , the larger the E write /V due to heat leakage. The smallest energy density E write /V ≈ 1 nJ/μm 3 is recorded at the writing time of t write ≈ 1 ms, whereas the largest energy density E write /V ≈ 270 nJ/μm 3 is calculated at t write = 4.5 s. The writing energy can thus be minimized by using large writing power that enables fast bit writing. However, the peak power and the current in the written state need to be limited in order not to break the WORM memory. The energy required for breaking the conductor by a sufficiently large current (current density of approximately 0.04 A/μm 2 ) is E break /V ≈ 20 μJ/μm 3 . Thus, breaking the conductor is significantly more energy consuming than writing the bit by RES.
C. Type-2 WORM Geometry 1) Sample Fabrication:
The second WORM geometry, namely, Type 2 [see Fig. 1(b) ], includes printed electrodes that are typically needed, e.g., in contact-reader applications. The geometry was optimized for low-voltage/power operation and minimum size. This compact WORM geometry was realized by printing a single droplet of DGH ink featuring a high initial resistance between the sintered well-conducting bottom electrodes.
The electrodes were printed first and consisted of approximately 60-μm-wide and 1-mm-long DGP ink tracks printed in parallel using a nozzle size of 50 μm (typical printing parameters: 160-181 V, pulse length of 38-62 μm, frequency of 100 Hz, and dot spacing of 70 μm) and separated with a gap of g = 30 μm. These bottom electrodes were sintered in oven for 7 h at 80
• C to reach a few ohms per square sheet resistance. The duration of this process step could be easily reduced by using elevated sintering temperatures. For example, sintering 30 min at 100
• C + 30 min at 120
• C results in a sheet resistance of about 3 Ω/sq; however, the substrate surface coating starts to degrade in this temperature. In addition, the thermal sintering step could be potentially replaced with other suitable highthroughput sintering methods such as ac RES sintering [21] , [22] , [24] , [25] or microwave sintering [26] .
A single droplet of DGH ink was inkjetted using a nozzle size of 50 μm (typical printing parameters: 183-247 V, pulse length of 100-123 μm, frequency of 100 Hz, and dot spacing of 50 μm) between the bottom electrodes, as indicated by the circle in Fig. 1(b) , resulting in a typical bit size of length of L = g = 30 μm, width of W = 60 μm, and height of h = 1.5 μm (measured with AFM). The deposition location of the bit ink droplet was possible to set accurately between the electrodes using the printer video microscope and using the x-and y-offset values of the high-precision motorized x−y-stage (±5 μm accuracy). A single droplet of the ink wets the surface of the bottom electrodes evenly, whereas multiple droplets printed over larger gaps (g > 30 μm) resulted in uneven wetting. The uneven contact area between the bit and the bottom electrodes was seen to result in a high variation in the initial resistance. The DGH ink has a high sheet resistance of over 10 MΩ/sq after being dried at room temperature, but it could be thermally cured (presintered) to a suitable level. For example, heating at 70
• C for 90 min lowered the initial resistance of the single-droplet bit to R bit,ini = 0.9 ± 0.4 MΩ (N = 28, error standard deviation). This decrease can be due to the following: 1) lowering of the contact resistance between the electrodes and the bit (described in more detail in Section III-C-3) and/or 2) partial sintering of the DGH ink on the porous substrate.
2) Bit Writing Characteristics: Fig. 5 shows a bit writing process as a function of time for Type-2 WORM. Table I summarizes the bit writing characteristics for a set (N = 28) of Type-2 WORM. A series resistance of R s = 600 Ω was used here to limit the maximum current to a few milliampere range. The writing time could be radically shortened by reducing the initial resistance to R bit,ini = 90 ± 20 kΩ (N = 5). For example, with U dc = 3 V, the writing time was reduced to t write = 35 ± 20 ms. Fig. 6 shows the writing time t write as a function of writing power density P write /V for the samples shown in Table I . The writing times in Fig. 6 decrease as the writing power density is increased. Scattering of the results is significant in Table I , and therefore, the deviation from the linear fit shown in Fig. 6 Fig. 7. SEM images of the edges of the (a) unwritten Type-2 WORM bit and (b) Type-2 WORM bit written with a writing voltage of U dc = 5 V and a maximum current of Imax = 8.3 mA. In both images, the substrate is on the left, and the WORM bit is on the right. A substantial particle size growth is shown at the edges after the writing process. The inset in (a) shows the particle size of the unsintered DGH ink.
is larger when compared with similar graph of Type-1 WORM in Fig. 4 . This large scattering can result from the varying magnitude of the contact resistance between the contact electrodes and the bit. In particular, a substantial amount of E write is likely to be dissipated in reducing the contact resistance between the printed electrodes and the DGH bit as the contact resistance typically forms a significant part of the initial resistance R bit,ini (see Section III-C-3).
The inset in Fig. 6 shows the writing energy density E write /V as a function of writing time t write . The writing energy density decreases as the writing time is diminished. The smallest writing energy density of E write /V ≈ 0.6 nJ/μm 3 is obtained for the writing time of ca. 14 ms. Fig. 7 illustrates the structural difference between the two states of the WORM bit and emphasizes the irreversibility of the writing process. The porous surface of the Siena photopaper substrate is shown in the images on the left and the WORM bit on the right. The Ag grain size distribution in the unwritten state of Fig. 7(a) was rather uniform. The inset in Fig. 7(a) shows a high-magnification SEM image of unsintered DGH ink with an average particle size of around 10 nm. Due to sintering, the particle size in the written bit of Fig. 7(b) is substantially larger than that in the unwritten bit. Here, the writing voltage was 5 V, but the same particle growth effect was also observed at a 1-V writing voltage. The increase in particle size is most prominent at the edges of the bit, the reason for which is not fully understood at the moment.
3) Contact Resistance Measurement: A substantial part of E write is likely to be dissipated in reducing the contact resistance between the printed electrodes and the bit as the contact resistance typically forms a significant part of the R bit,ini . To measure the contact resistance, WORM devices (N = 8) with large gaps of g ≈ 2 mm, as shown in Fig. 8 , were fabricated and presintered for 4 h at 70
• C. Four-point measurements were performed to determine the contact resistance between the probe needle and the printed silver: For both DGP and DGH regions, the probe-to-silver contact resistance remains negligible in comparison with the bit resistance. By measuring both the resistance R total from the contact electrodes [see Fig. 8(a) ] and also R bit from the bit by moving probes on top of the bit right next to the contact [see Fig. 8(b) ], we can estimate the total contact resistance R contact . We find R contact /R total = 84 ± 6%. Thus, in the presintered but not yet written state, the total measured resistance is mostly determined by the contact resistances between the DGH bit and the DGP bottom electrodes.
In order to determine the contact resistance in the written state, another set (N = 10) of samples with gaps of g = 470 ± 20 μm were written with U dc = 5 V and R s = 200 Ω. The gap length was reduced from g = 2 mm to enable lowvoltage sintering by keeping the initial resistances of the bits sufficiently small. The contact resistance measurement was similar as above, but now, the displacement of the probes was comparable with the total length of the bit g. The measured resistance was normalized by multiplying the measured R bit with the ratio g/g meas , where g meas is the length between the probes on top of the bit. For the sample set, we measured R contact /R total = 23 ± 4%, which is smaller than that for the unwritten bits but still remains substantial. However, the DGH bit mostly determines the resistance of the WORM device after it has been written.
D. Long-Term Stability of the Bits
The retention characteristics of the WORM devices are limited by the unsintered "0" state. For the written "1" state, no drift in resistance has been observed during the 125-day monitoring time. Therefore, long-term resistance measurements for the unsintered bits were performed. After fabrication, the unsintered bit resistance is determined by interparticle tunneling resistance and/or resistance of the leaky binder between particles. The minimum interparticle distance is determined by the encapsulation thickness, which can be reduced by the following: 1) slow evaporation due to thermal energy; 2) interactions between the topmost substrate surface and the undermost particle layer; 3) dissolving by water molecules; or 4) light. Thus, the unsintered bit resistance can be affected by temperature and/or moisture that can cause "self-sintering" in the form of resistance decline. The main sources of moisture are the ambient air humidity and the moisture absorbed in the substrate.
1) Sample Fabrication and Measurement Setup:
The samples for the long-term stability measurement were fabricated by first drying the substrate using a procedure of heating the substrate in oven at 105
• C for 4 h. The selected temperature was observed to evaporate moisture from the substrates effectively in a reasonable time while maintaining the substrate coating layer unaffected. Both Type-1 and Type-2 WORM devices were then fabricated on the dried substrates. Half of the devices were kept in a low-humidity chamber (RH < 6%), and the other half were kept in ambient conditions (30% < RH < 60%). All the devices were kept in dark and were exposed to light only while measuring the resistance.
After the drying process, the substrate contains only a minor amount of moisture. By monitoring the mass of a reference substrate stored in the same conditions as the samples, the moisture content of the substrate as a mass percent could be calculated. The photopaper substrate absorbs moisture slowly, as shown in Fig. 9(c) , until after 200 h, and the percentage of moisture saturates to a constant level dependent on the relative humidity. The resistance measurements were performed with a standard digital multimeter using a low test current.
2) Long-Term Stability Measurements: Long-term stability measurements of the unwritten state of the WORM memory devices are shown in Fig. 9 . The unwritten state resistance R bit,ini is plotted as a function of time t after fabrication for both Type-1 [see Fig. 9(a) ] and Type-2 WORM devices [see Fig. 9(b) ]. Type-1 DGP WORM devices stored at high RH show a rapid decrease in resistance such that R bit,ini decreases below 1 kΩ at t ≈ 100 h, as shown in the inset in Fig. 9(a) . Storage at low RH does not improve the situation much as the R bit,ini = 1 kΩ level is reached 100 h later. Type-2 WORM devices based on the DGP-DGH ink combination stored at high RH undergo a decrease in R bit,ini below the 1-kΩ level already within 24 h. However, for the samples stored at low RH, the resistance decrease is significantly slower: more than 3000 h (125 days) is required for R bit,ini to drop below the 1-kΩ level. Fig. 9(c) shows the moisture content of the substrate as a function of time. The printing of devices was done in normal laboratory (ambient) conditions. However, due to the slow moisture absorption, the moisture content did not significantly rise during the short exposure (maximum of 5 min) to ambient air humidity. The small drift in the measured paper moisture content above t > 500 h is due to the downward change in ambient RH.
Based on the long-term stability measurement, it is evident that the stability of the unwritten state is strongly affected by humidity. The potential solutions to improve the stability of the "0" state include alternative nanoparticle encapsulation layers that are less sensitive to ambient conditions and/or manufacturing a barrier layer that surrounds the printed device (for example, printed barrier layers or a lamination process).
On a more fundamental level, we note that the applied commercial nanoparticle inks are not developed for optimal stability of the unwritten state but, rather, for a quick and easy thermal sintering process. The stability of the unwritten state becomes ultimately limited by the balance between two factors: 1) the speed of the thermal sintering process at storage temperatures (for example, at T < 80
• C) and 2) the available electrical sintering power and energy budget. In other words, the thermal sintering temperature of the nanoparticle material can be intentionally increased to the limit set by the parameters available for electrical sintering. Table II summarizes the writing performance for the studied two types of WORM memory devices. Type 1 is larger than Type 2 but more straightforward to fabricate with a single printing step and can be easily printed with R2R methods. It is suitable for applications where the bit size is not critical and writing voltages need not be minimized. Type 2 needs two printing steps but is optimized in size and designed to be used with low writing voltages, enabling, for example, batterypowered applications. In addition, Type 2 requires less energy for writing than Type 1. The longer retention time observed at low RH for Type-2 WORM when compared with Type-1 WORM is either due to the different moisture stabilities of the bit inks (DGH versus DGP) or an effect of the observed contact resistance between the DGP electrodes and the DGH bit. For both Type 1 and Type 2, the write parameters (U dc and R bit,ini ) can be controlled to reliably achieve a fast-enough sintering process to fit the application-specified maximum allowed t write .
IV. DISCUSSION
A 100-μm spacing between adjacent Type-1 bits would give a maximum bit density of 14 bits/mm 2 for 200-μm-long and 130-μm-wide bits. The bit density is, however, ultimately limited by the thermal coupling of the bits. That is, writing of a bit can partially sinter neighboring unwritten bits. Currently, the market price of silver nanoparticular inks limits their usage in many low-cost applications such as in printed RF antennas. The cost of materials for a single bit is determined by the volume of the printed ink. Therefore, it is of interest to minimize usage of silver ink in device structures. For the aforementioned Type-1 bit sizes, the volume of dried ink is approximately 3 · 10 4 μm 3 . The minimum size for a single bit of Type 2 with contact electrodes is approximately 100 μm in length and 150 μm in width. Consequently, a 100-μm spacing between adjacent bits would give a maximum bit density of 20 bits/mm 2 . A single droplet of dried DGH ink with a radius of r = 30 μm and a height of h = 1 μm results in a volume of about 3 · 10 3 μm 3 . The total volume for a single Type-2 bit, including the printed contact electrodes e.g., (W = 60 μm, L = 100 μm), is 1.5 · 10 4 μm 3 . Thus, Type 2 is more cost effective to fabricate than Type 1.
To realize a multibit memory cell using a matrix structure, either a rectifying diode connected in series (1D-1R) [6] , [8] , [27] or a bit addressing transistor (1T-1R) [28] is required for each nonrectifying resistive bit. However, by consuming a single contact for each bit, multibit memory devices can be fabricated for applications with low-bit-size requirements. Fig. 10 shows a schematic of a multibit geometry for Type-2 WORM devices with one contact per bit. The common electrode c and the contact electrodes (bounded area) can be printed with a lowtemperature curing ink such as DGP and sintered thereafter. As the second layer, the bits (black dots) can be printed with a suitable bit ink such as DGH in the gaps between the common electrode and the contact electrodes. Bit reading and writing can be done by physically contacting the electrodes at the ends. The design can be extended to desired bit size. The possibility to control the final conductivity by controlling the maximum current through the bit can enable multilevel memory devices, thus enhancing the overall bit capacity dramatically [9] .
The memory concept is demonstrated here using inkjet printing since it enables relatively small linewidths and fast prototyping. To lower the manufacturing cost per bit, highthroughput methods such as gravure and R2R printing could be utilized.
V. CONCLUSION
Using commercially available inkjet-printable Ag nanoparticle inks, we have shown successful fabrication and operation of fully printed WORM memory devices. Writing of the bits was done using low-voltage RES. The memory was shown to enable a simple resistance readout and contain only passive components (no transistors). Small size of the memory offers reasonable packing density, which can be further reduced by using inkjet dispenser heads with smaller droplet volumes. When the bits were stored at low relative humidity, retention times of more than 100 days were observed. The retention time of the memory devices in ambient conditions could be increased by tailoring the encapsulation of the nanoparticles or by using moisture barrier layers. The fundamental challenge is to find a balance between an encapsulation that can withstand moisture and the electrical sintering power budget. The described method of fabricating WORM bits on a photopaper substrate is also applicable to other flexible substrates such as polyethylene terephthalate and polyimide. The memory elements could also be printed using high-throughput printing processes such as gravure and R2R printing. 
